Abstract
Introduction
The competitiveness of the swine industry is under pressure globally. In this regard, 7 ample use of reproductive technologies is of vital importance, particularly considering 8 embryo transfer (ET). ET technology has been a demand of the pig industry for more 9 than 60 years due to its numerous applications, particularly for the safe exchange of 10 high-value genetic material with reduced transportation costs. Moreover, this technique 11 substantially diminishes animal welfare problems. Despite these advantages, the 12 commercial use of ET in pigs is still very limited when compared with other species [1] . 13 The need to use surgical procedures for embryo collection and the difficulties 14 encountered in embryo cryopreservation in pigs have led to a loss of interest in this 15 technology for decades. However, in recent years, the situation has changed thanks to 16 the technological development of better vitrification procedures [2] and of a safe, non-17 surgical ET [1] . 18 In ET programs, the embryos must be stored from the time of their collection until they 19 can be transferred to the recipients. Today, the only effective method for long-term 20 preservation of porcine embryos is vitrification, which avoids the formation of 21 intracellular ice crystals [3] . The improvement of vitrification procedures, specifically 22 by using the open pulled straw (OPS) method [4] , has provided high in vitro post- 23 warming embryo survival rates and hopefully higher pregnancy and farrowing rates 24 after surgical ET of in vivo-derived porcine embryos vitrified without any previous 25 treatment [5] . Moreover, recent studies clearly showed similar survival rates after 24 h 1 in culture between vitrified and fresh embryos [6] . 2 Although major progress has occurred in porcine embryo vitrification, many factors still 3 remain unsolved. Of particular interest among these factors are embryo re-vitrification 4 and air embryo shipment in the vapor phase of liquid nitrogen; these practical questions 5 are of utmost importance since they are probably the weakest links of the ET chain. 6 In some circumstances during ET, such as when the number of warmed embryos 7 exceeds the number of embryos necessary to be transferred to the recipients or when 8 some recipients cannot receive embryos due to health problems or difficulties during the 9 insertion of the non-surgical ET catheter, a number of unexpected supernumerary 10 embryos could have been warmed. Although these extra warmed embryos could be used 11 to increase the number of transferred embryos per recipient, the ideal would be that they 12 could be re-vitrified and stored again for future ET. In this sense, the possibility of re-13 vitrification should provide more flexibility for transfer to the respective recipients. In 14 addition, re-vitrification could be used as an embryo stress resistance and quality test as 15 suggested by Isachenko et al. [7] . Recent studies have used re-vitrification procedures 16 with considerable success for human [8, 9] , ovine [10] and murine [7] embryos.
17
However, the effects of re-vitrification on post-warming embryo survival rates in pigs 18 have not yet been elucidated.
19
The shipment of embryos in liquid nitrogen appears optimal for long-distance cryopreserved embryos is to use special containers, the so-called dry shippers (DSs).
24
These dewars have an insert containing a hydrophobic absorbent covered with a 25 hydrophobic membrane. The absorbent material repels humidity but absorbs liquid 1 nitrogen, allowing maintenance of a vapor phase of liquid nitrogen at -150 °C [12] .
2
Although this temperature appears to be adequate for the safe shipment of biological 3 specimens that are conventionally frozen, it could be critical for vitrified porcine 4 embryos, which are particularly sensitive to temperature variations [11] . Vitrified 5 porcine embryos are traditionally stored at -196 ºC in very small volumes of medium 6 and, therefore, an oscillation in the storage temperature can induce medium 7 devitrification, ice crystal growth and the death of the embryos. The DS Dewars have 8 been used for cryopreserved human semen [13, 14] and oocytes [15] and for vitrified 9 mouse embryos [16] . However, to the best of our knowledge, there are no published 10 studies on the effectiveness of dry shippers for the transport of vitrified porcine 11 embryos.
12
The aims of this study were to (1) evaluate the in vitro survival of in vivo-derived 
Chemicals

21
All chemicals used in these experiments were purchased from Sigma-Aldrich Quimica 
Detection of estrus and artificial insemination
14
The embryo donors were examined (beginning the day after weaning) for estrus twice a 
Embryo recovery
22
Surgeries were performed by mid-ventral laparotomy on day 6 of the estrous cycle, 
Vitrification and warming
18
The embryos were washed three times with TL-HEPES-PVA medium before 19 vitrification and maintained at 39 °C. Vitrification was performed within 4 h after 20 embryo recovery. Groups of three to six embryos were vitrified by the method 21 described by Cuello et al. [21] . Briefly, the embryos were washed twice in TL-HEPES-
22
PVA medium and sequentially equilibrated in the first vitrification medium (TL- 
In vitro embryo culture and evaluation of in vitro development post-warming 12
Post-warmed embryos were cultured in a four-well multi-dish plate containing 500 μL respectively. The total number of nuclei that displayed blue fluorescence was counted.
17
Cells were considered TUNEL positive when their nuclei exhibited green fluorescence.
18
Blastocysts were considered undamaged when they did not show TUNEL positive 
Results
20
A total of 26 donor sows were used in this study. The mean ovulation rate in these sows 21 was 21.1±3.9. The ratio of collected embryos to the number of corpora lutea was 93.9%.
22
The total number of oocytes and embryos collected was 501, of which 3.2% were culturing (see Fig. 1 , for schematic representation of the experimental design).
13
In vitro survival rates of vitrified and re-vitrified embryos at 24 h post-warming are 14 presented in Table 1 Finally, an aliquot of viable embryos from each group was subjected to a TUNEL assay of culture compared to the control group (Fig. 6A) . The pattern of the frequency 20 distribution of embryonic development was comparable between the groups (Fig. 6B ).
21
Although there were no differences in the total cell number of the resulting blastocysts 22 between the DS and liquid nitrogen groups, the apoptotic index was affected, being 23 slightly higher (P<0.05) in those embryos stored in the DS, regardless of the 24 developmental stage considered (Fig. 7) . for vitrification [2, 11, 25] . In the present study, the post-warming survival rates of rates than morulae [6, 28] . However, in the second experiment, we did not observe 15 differences in survival rates between the two developmental stages. This observation is 16 not surprising because similar results had previously been reported [21] . The use of 17 morulae in different stages of development (uncompacted, partially compacted, fully 18 compacted or with initial cavitation) might be responsible for that apparent discrepancy. 14 Surprisingly, re-vitrified blastocysts derived from vitrified CCMs had higher post- In the second experiment, we did not find differences in embryo viability at 24 h post- In conclusion, although re-vitrification was detrimental to a significant proportion of 3 embryos, our results indicate that more than 60% of porcine blastocysts derived from 4 vitrified and warmed CCMs and UBLs survive re-vitrification and re-warming.
5
Therefore, embryos that were either fortuitously warmed or those warmed embryos that 6 were not transferred into recipients due to special circumstances may be re-vitrified and 7 used in future ETs. This study also shows the efficacy of transport of embryos in the DS 
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